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Introduction {#sec005}
============

Disruptions in fetal programming result in low birthweight, fewer nephrons, and increase the risk of cardiovascular and renal disorders in adults \[[@pone.0179499.ref001]--[@pone.0179499.ref005]\]. We recently demonstrated that gestational low-protein (LP) intake offspring have a lower birthweight, arterial hypertension, and 30% fewer nephrons \[[@pone.0179499.ref003],[@pone.0179499.ref004]\] when compared to normal (NP) protein intake group. In addition, hydroelectrolytic balance studies have shown that arterial hypertension in gestational protein-restricted offspring is associated with decreased renal salt and water excretion when compared with pair-fed, age-matched normal protein intake (NP) rats \[[@pone.0179499.ref003]--[@pone.0179499.ref007]\].

Previous studies have demonstrated that efferent renal nerve activity (ERNA) is enhanced in many models of hypertension and may be related to water and salt retention, highlighting that both of them contribute to hypertension \[[@pone.0179499.ref008]--[@pone.0179499.ref010]\]. Additionally, studies in rats have presented that the activation of renal mechanoreceptors (MR) or chemoreceptors (CR) increases ipsilateral afferent renal nerve activity (ARNA) being associated with a decrease in contralateral ERNA and an increased natriuresis. These findings indicate a contralateral inhibitory renorenal reflex response \[[@pone.0179499.ref011]--[@pone.0179499.ref013]\]. In this way, data from genetically hypertensive rats has demonstrated that increased renal pelvic pressure failed to enhance afferent renal nerve activity. The inhibitory nature of renorenal reflexes indicates that impaired renorenal reflexes could contribute to increased sodium retention and hypertension in this lineage \[[@pone.0179499.ref014],[@pone.0179499.ref015]\].

The renal sensorial afferent neurons are predominantly unmyelinated and project to the T10--L3 ipsilateral dorsal root ganglia (DRG) from sensory receptors located in the renal veins, arteries, and renal pelvic wall \[[@pone.0179499.ref011],[@pone.0179499.ref016]--[@pone.0179499.ref020]\]. Calcitonin gene-related peptide (CGRP) and substance P (SP) colocalize in these sensory neurons of the renal pelvic wall \[[@pone.0179499.ref021],[@pone.0179499.ref022]\]. Furthermore, CGRP regulates the expression of Neurokinin-1 (NK1) receptors in rat spinal neurons \[[@pone.0179499.ref023]\] and retards the metabolism of SP \[[@pone.0179499.ref012]\], thereby increasing the amount of SP available for SP receptor stimulation. Three distinct tachykinin receptors, NK~1~, NK~2~, and NK~3~, specific G-protein-coupled membrane receptors, have now been cloned in different species \[[@pone.0179499.ref024],[@pone.0179499.ref025]\]. NK~1~R are widely distributed in the renal pelvis and brain, and have been implicated in nociceptive signaling to the spinal cord \[[@pone.0179499.ref026],[@pone.0179499.ref027]\].

In the current study, we assumed that LP hypertension development might result, at least in part, from abnormal DRG expression of neurokinins associated with impaired responsiveness of renal sensory receptors, consequently promoting a decreased segmental tubule sodium excretion. To test this hypothesis, the present study was therefore undertaken to investigate whether increased blood pressure in protein-restricted offspring would be associated with changes in the DRG (T13) cells and in renal pelvic wall expression and localization of NK1R, SP and CGRP when compared to NP offspring. In addition, we assess the glomerular filtration rate and tubular sodium handling, estimated by creatinine and lithium clearances in conscious 16-week old LP offspring, before and after the bilateral renal denervation relative to age-matched NP counterparts.

Material and methods {#sec006}
====================

Animals {#sec007}
-------

The experiments were conducted on age-matched offspring of sibling-mated Wistar HanUnib rats (250--300g). The environment and housing presented good conditions for managing their health and well-being during the experimental procedure. The study design was approved by the State University of Campinas Institutional Animal Ethics Committee *(protocol CEUA/UNICAMP \#2575--1)* and conformed to general guidelines established by the Brazilian College of Animal Experimentation (COBEA). Our local colonies originated from a breeding stock supplied by CEMIB/Unicamp, Campinas, SP, Brazil. Immediately after weaning at 3 weeks of age, animals were maintained under controlled conditions of 25°C and a 12-h light--dark cycle, with free access to tap water and standard rodent laboratory chow (Nuvital, Curitiba, PR, Brazil). We designated as day 1 of pregnancy the day in which the vaginal smear presented sperm. Pregnant dams were fed isocaloric standard rodent laboratory chow (Na content: 135 ± 3 μEq/g; K content: 293 ± 5 μEq/g), with normal 17% protein content (NP) or low 6% protein (LP) content *ad libitum* throughout the entire pregnancy with free access to tap water. All groups returned to the NP diet intake after delivery. The offspring birth weight was measured. The pups weaned in 3 weeks and only one male offspring of each litter was used for each experiment. The male offspring were maintained under a controlled temperature (25°C) and lighting conditions (07:00 am--07:00 pm) and, followed up to 16 weeks of age. Food consumption was monitored daily and normalized to the body weight. Body weight was recorded weekly.

Surgical procedures {#sec008}
-------------------

For renal bilaterally denervated offspring \[NP~DNx~ (n = 9) and LP~DNx~ (n = 8)\], surgery was performed before the 8-week renal functional test and blood pressure measurements. Briefly, the animals were anesthetized with a mixture of ketamine \[75 mg/kg^−1^ body weight, injected intraperitoneally (i.p.)\] and xyla**z**ine (10 mg/kg^−1^ body weight, i.p.). Once the corneal and pedal reflexes were absent, both kidneys were exposed by dorsal abdominal incisions and surgically denervated with the aid of a stereomicroscope. Denervation was performed by cutting all visible nerves along the renal artery and by stripping the connective tissue passing by and along the course of the renal artery and vein. Immediately after, the renal vessels were wrapped and surrounded with cotton swabs soaked in 10% (v/v) phenol diluted in absolute ethanol \[[@pone.0179499.ref014],[@pone.0179499.ref028]\]. Sham-operated rats underwent all surgical procedures but the renal artery was left intact. Postoperative analgesia was performed for 1-day with acetaminophen (40 mg/100g body weight) administrated intraperitoneally, and observed them individual and daily in metabolic cages under controlled environmental conditions. Rats were used for experiments 1 week after renal denervation.

Blood pressure measurement {#sec009}
--------------------------

The systolic arterial pressure was measured in conscious and previously trained offspring at 6, 8, 10, 12, 14, and 16 weeks of age (NP n = 9, NP~DNx~ n = 9, LP and LP~DNx~ n = 8, and LP n = 8). Blood pressure was measured using an indirect tail-cuff method with an electrosphygmomanometer (IITC Life Science***---***BpMonWin Monitor Version 1.33) combined with a pneumatic pulse transducer/amplifier. This indirect approach allowed repeated measurements with close correlation (correlation coefficient = 0.975) compared with direct intra-arterial recording. The mean of three consecutive readings was taken as the blood pressure.

Renal function evaluation {#sec010}
-------------------------

Renal function was measured by creatinine and lithium clearance at 10 weeks of age (NP n = 9, NP~DNx~ n = 9, LP and LP~DNx~ n = 8), and 16 weeks of age (LP n = 8, NP n = 8, NP~DNx~ n = 8, LP and LP~DNx~ n = 8) unanaesthetized, unrestrained male offspring. Briefly, fourteen hours before the renal test, 60-μmol LiCl.100^-1^g body weight was given by means of gavage. Subsequently, we housed the rats in metabolic cages with free access to tap water but no food. After an overnight fast, each animal received tap water by gavage (5% of body weight), followed by a second load of the same volume 1-h later. Spontaneously voided urine was collected over a 120-min period into a centrifuge tube and measured gravimetrically. Plasma and urine sodium, potassium and lithium concentrations were measured by flame photometry (Micronal, B262, São Paulo, Brazil), while the creatinine concentrations and plasma osmolality were determined spectrophotometrically (Instruments Laboratory, Genesys V, USA) and by Wide-range Osmometer (Advanced Inst. Inc, MA, USA), respectively. Thereafter, animals were anaesthetized with ketamine and xylazine injected intraperitoneally and sacrificed by cardiac puncture; urine and plasma samples were stored for analysis \[[@pone.0179499.ref003],[@pone.0179499.ref004],[@pone.0179499.ref006],[@pone.0179499.ref007],[@pone.0179499.ref029],[@pone.0179499.ref030]\].

Immunofluorescence detection of NK1, SP, and CGRP {#sec011}
-------------------------------------------------

Sixteen-week-old male NP (n = 15), and LP (n = 15) rats were used for immunofluorescence experiments. Rats were anesthetized and perfused with saline containing 2% heparin via the left carotid artery for 5 min under constant pressure. This was followed by perfusion with 0.1 M phosphate buffer (pH 7.4) containing 4% (w/v) paraformaldehyde and 0.1 M sucrose. After perfusion, the left T13 DRG and kidneys were immediately removed and placed in the same fixative for 1 h, followed by phosphate-buffered saline (PBS) containing 0.1% glycine for 1 h and PBS containing 15% (w/v) sucrose overnight. Then, tissues were immersed in OCT cryoprotector (Tissue-tech) and frozen in liquid nitrogen (−79°C). Sections (7 μm thick) were cut at −22°C using a Leica cryostat and collected on saline-coated slides. For immunohistochemistry, sections were blocked in PBS containing 3% normal donkey serum and 3% bovine serum albumin for 45 min to minimize nonspecific reactions. After blocking, sections were labeled with rabbit anti-NK1R antiserum (1:100 dilution; Novus Biologicals®), rabbit anti-CGRP antiserum (1:100 dilution; Neuromics®), or goat anti-SP antiserum (1:600; Santa Cruz), at 4°C overnight. Then, sections were incubated in anti-rabbit DyLight® 594-labeled secondary antibody (1:200 dilution) or rabbit anti-goat Cy™ 3-labeled secondary antibody (1:200 dilution) for 2 hours at room temperature. Then, sections were rinsed in 0.1 M PBS and cover-slipped with Vectashield anti-fading medium containing DAPI (Vector). The sections were examined with a confocal laser scanning microscope (LSM 780***---***ZEISS) and digital images were taken using fixed settings and specific software (LSM; Zeiss). The present study take in account the protocol for quantitation of fluorescence intensity from Waters (2007) \[[@pone.0179499.ref031]\]. The fluorescence microscopy digital image background was subtracted from intensity value measurements to reveal the real signal. To avoid errors due to an inhomogeneous background, we measured pixels immediately adjacent to object of interest \[[@pone.0179499.ref032]\]. This is especially important in the current study making measurements of intracellular structures once the background in the cytoplasm is different from the background outside of cells, and is usually inhomogeneous. No immunoreactivity was observed when the primary antibodies were omitted.

Cellular population analysis {#sec012}
----------------------------

Immunofluorescence staining in DRG cells was assessed in optical sections by confocal laser scanning microscope (CLSM). Using this approach, immunostaining was easily recognized. To determine the cell size, five random DRG sections immunostained with NK~1~R, SP, and CGRP antisera were selected from fifteen different T13 DRG groups. Images were analyzed using Image J software. Briefly, the boundaries of immunostained cells and nuclei profiles were traced manually using a computer mouse and the intensity of fluorescence and cell areas were automatically calculated. To compare the current quantitative results with previous DRGs analysis, the cell areas were transformed into cell diameters by assuming that dorsal ganglion neurons are circular and, that neuron subpopulations diameter intervals were 10--25, 25--37.5 and 37.5--60 μm respectively, to small, intermediate and large cells \[[@pone.0179499.ref033],[@pone.0179499.ref034]\]. All quantified sections were optimally stained that same day.

Catecholamine assay {#sec013}
-------------------

Plasma catecholamines were extracted from the medium using Al~2~O~5~ (alumina) and HBA (dihydroxybenzylamine) as internal standard, and quantified by ion-pair reverse phase chromatography coupled with electrochemical detection (0.5 V) as described by Di Marco et al. \[[@pone.0179499.ref035]\]. Kidney norepinephrine contents were assessed by the Anton and Sayre method \[[@pone.0179499.ref036]\].

Data presentation and statistical analysis {#sec014}
------------------------------------------

Results were expressed as mean ± standard deviation (SD), scatter dot plots, or median and quartile deviation as appropriate. Creatinine clearance (C~Cr~) was used to estimate glomerular filtration rate (GFR) and lithium clearance (C~Li~) was used to assess proximal tubule output. Fractional sodium excretion (FE~Na~) was calculated as C~Na~/C~Cr~×100, where C~Na~ is sodium clearance. Fractional proximal (FEP~Na~) and post-proximal (FEPP~Na~) sodium excretion were calculated as C~Li~/C~Cr~ × 100 and C~Na~/C~Li~ × 100, respectively \[[@pone.0179499.ref003],[@pone.0179499.ref004],[@pone.0179499.ref006],[@pone.0179499.ref007],[@pone.0179499.ref029],[@pone.0179499.ref030]\]. Data obtained over time were analyzed using two-way ANOVA or nonparametric analysis using the Kruskal--Wallis test. When statistically significant differences were indicated between selected means by ANOVA, *post hoc* comparisons were performed with Bonferroni's contrast test. Comparisons involving only two means within or between groups were carried out using a Student's t*-*test. The level of significance was set at P ≤ 0.05.

Results {#sec015}
=======

[Table 1](#pone.0179499.t001){ref-type="table"} shows serum sodium, lithium, and potassium levels from NP and LP sham and denervated offspring, with no significant differences in NP rats compared with the LP group. In general, water and food sodium intake and, plasma osmolality were similar in male offspring of NP and LP groups when normalized by body weight ([Table 1](#pone.0179499.t001){ref-type="table"}). Maternal protein restriction during pregnancy did not significantly change the body mass of pregnant dams during gestation ([Fig 1A](#pone.0179499.g001){ref-type="fig"}). In addition, it did not affect the number of offspring per litter and the proportion of male and female offspring (P = 0.3245). The birthweight of LP male pups (n = 26) was significantly reduced compared with NP pups (n = 21) (6.06 ± 0.075 g *vs*. 7.44 ± 0.10 g; P = 0.001) ([Table 1](#pone.0179499.t001){ref-type="table"} and [Fig 1B](#pone.0179499.g001){ref-type="fig"}). The body mass of LP pups (67.9 ± 0.99 g, n = 17) remained lower than age-matched NP pups (72.10 ± 1.42 g, n = 20) until weaning at 21 days after birth (P = 0.05) ([Fig 1C](#pone.0179499.g001){ref-type="fig"}). However, after 10 weeks of age, the body weight of LP and NP rats was not significantly different. Bilateral renal denervation did not affect body mass in any experimental group ([Fig 1C](#pone.0179499.g001){ref-type="fig"}).

![Dams' body weights (A), offspring body weight at birth (B) and (C) 1-day, 21-day, 10-week, and 16-week-old NP and LP body weight (in grams) compared with bilateral renal denervated NP and LP offspring. The results are expressed as means ± SD, means ± scatter dot plot, and median and quartile deviation. Data were analyzed using nonparametric analysis by Kruskal--Wallis or Student´s t-test and two-way ANOVA test with *post hoc* comparisons by Bonferroni's contrast test. The level of significance was set at \*P \< 0.05.](pone.0179499.g001){#pone.0179499.g001}

10.1371/journal.pone.0179499.t001

###### Serum sodium, lithium, and potassium levels and sodium and water intake and plasma osmolality in maternal normal protein intake (NP) offspring and maternal low-protein intake (LP) offspring compared with bilateral renal denervated NP (NP~DNx~) and LP (LP~DNx~) rats (n = 10 animals for each group).

The data represent the means ± SEM. The level of significance was set at \*P ≤ 0.05 (one-way ANOVA or Student's t-test).

![](pone.0179499.t001){#pone.0179499.t001g}

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *Groups/Parameters*                  *Na*^*+*^ *(mM)*   *Li*^*+*^ *(μM)*   *K*^*+*^ *(mM)*   *Na*^*+*^*Intake (mmol*.*wk*^*-1*^.*100g*^*-1*^ *bw)*   *H*~*2*~*O Intake (ml*.*100g*^*-1*^*bw)*   *Plasma Osmolality*\
                                                                                                                                                                                                  *(mOsm*.*kg*^*-1*^*H*~*2*~*O)*
  ------------------------------------ ------------------ ------------------ ----------------- ------------------------------------------------------- ------------------------------------------ --------------------------------
  ***NP (n = 10)***                    138 ± 3.6          85 ± 21            4.3 ±0.6          13.6 ± 2.4                                              22.5 ± 7.6                                 293 ± 8.0

  ***LP (n = 10)***                    142 ± 4.1          78 ± 20            4.1± 0.5          12.7 ± 2.1                                              23.7 ± 5.2                                 297 ± 7.0

  ***NP***~***DNx***~ ***(n = 10)***   140 ± 2.5          91 ± 23            4.1 ±0.6          13.2 ± 2.6                                              26.8 ± 7.4                                 295 ± 7.0

  ***LP***~***DNx***~ ***(n = 10)***   141 ± 3.7          87 ± 24            3.9 ±0.7          11.9 ± 4.9                                              25.7 ± 6.2                                 293 ± 8.0
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Blood pressure measurement {#sec016}
--------------------------

As shown in [Fig 2A](#pone.0179499.g002){ref-type="fig"}, tail systolic arterial pressure (mmHg) was significantly higher in LP offspring compared with NP offspring between 7 weeks and 16 weeks of age. The changes in systolic blood pressure from 7 weeks to 16 weeks of age were as follows: 7 weeks: LP, 147 ± 9.0 mmHg *vs*. NP, 131 ± 8.0 mmHg, P = 0.001; 16 weeks: LP, 149 ± 12 mmHg *vs*. NP, 131 ± 2.0 mmHg, P = 0.001 ([Fig 2A](#pone.0179499.g002){ref-type="fig"}). [Fig 2](#pone.0179499.g002){ref-type="fig"} also shows the effect of bilateral renal denervation on blood pressure at 8 weeks of age. The continuous increase in blood pressure in LP offspring was significantly reduced by bilateral renal denervation ([Fig 2B](#pone.0179499.g002){ref-type="fig"}) over a 10-week period (between 6 weeks and 16 weeks of age). Renal bilateral phenol denervation significantly prevented arterial pressure increase for up to 8 weeks compared with the non-denervated LP group (P = 0.001). In addition, there was no significant difference in blood pressure between the LP renal bilaterally denervated rats and the NP group ([Fig 2C](#pone.0179499.g002){ref-type="fig"}). This attenuation in blood pressure was associated with a significant increase in urinary sodium excretion and a decrease in proximal sodium reabsorption, as described below.

![Graphic representation of the systolic blood pressure (mmHg) time-course measured in conscious male NP (n = 8) and LP (n = 8) offspring (A) compared with gender and age-matched bilateral renal-denervated LP (n = 8) offspring (panel B *vs*. LP, n = 8) and (panel C *vs*. NP, n = 8) offspring. Values are means ± SD. \*P \< 0.05; (one-way ANOVA; *post hoc* Bonferroni's contrast test).](pone.0179499.g002){#pone.0179499.g002}

Renal function evaluation {#sec017}
-------------------------

Renal function in 10- and 16-week-old NP and LP offspring is summarized in [Fig 3](#pone.0179499.g003){ref-type="fig"}. The urinary flow rates (data not included) and the GFR, estimated by C~Cr~, did not significantly differ between the groups even after bilateral renal denervation. Fractional urinary sodium excretion (FE~Na~, [Fig 3B](#pone.0179499.g003){ref-type="fig"}) in 10-week old LP rats was unchanged compared with age-matched NP rats (LP: 0.1562 ± 0.041% *vs*. NP: 0.1935 ± 0.051%; P = 0.1347). However, renal denervation in 10-week old LP~DNx~ rats transiently enhanced fractional urinary sodium excretion compared with LP non-denervated and NP~DNx~ rats. The enhanced FE~Na~ in renal-denervated LP rats (0.2894 ± 0,047%, P = 0.0001) was accompanied by a significant increase in proximal sodium excretion (LP~DNx~: 28.15 ± 3.38% *vs*. LP: 19.11 ± 1.27%; P = 0.0127), while FEPP~Na~ and FE~K~ were unchanged compared with age-matched sham-operated offspring. Like 10-week-old rats, 16-week-old NP and LP urinary flow rates (data not included) and GFRs estimated by CCr did not significantly differ among the all studied groups. At this age, fractional urinary sodium excretion was significantly lower in 16-week-old LP rats compared with age-matched NP offspring (16-week-old LP: 0.089 ± 0.006% *vs*. NP: 0.199 ± 0.028%; P = 0.006). The decreased FE~Na~ in LP rats was accompanied by a significant reduction in FEPP~Na~ (16-week-old LP: 0.324 ± 0.031% *vs*. NP: 0.589 ± 0.07%; P = 0.0013) and FE~K~ (16-week-old LP: 0.046 ± 0.006% *vs*. NP: 0.0973 ± 0.008%; P = 0.0002), compared with age-matched NP control rats. At 16 weeks of age, the FE~Na~ increase in LP offspring caused by renal denervation was significantly attenuated and sodium excretion levels were like non-denervated NP and LP rats ([Fig 3B](#pone.0179499.g003){ref-type="fig"}). Likewise, increased proximal sodium excretion in renal denervated LP rats at 10 weeks of age was not detected at 16 weeks of age.

![Renal function studies using creatinine clearance (CCr, panel A), fractional sodium excretion (FENa+, panel B), proximal (FEPNa+, panel C) and post-proximal (FEPPNa+, panel D), fractional sodium excretion and fractional potassium excretion (FEK+, panel E), in male 10-week-old and 16-week-old NP and LP offspring compared with age-matched NP~DNx~ and LP~DNx~ groups (n = 10 animals for each group). Results are expressed as median and quartile deviation. Data were analyzed using nonparametric analysis by Kruskal--Wallis test with *post hoc* Bonferroni's contrast test. The level of significance was set at \*P ≤ 0.05, \*\*P ≤ 0.01 or \*\*P ≤ 0.001.](pone.0179499.g003){#pone.0179499.g003}

NK~1~R, SP, and CGRP immunostaining in DRG cells {#sec018}
------------------------------------------------

NK~1~R staining was observed in all DRG neuronal subpopulations of 16-week-old NP (n = 15) and LP offspring (n = 15). NK~1~R immunostaining was significantly higher in LP rats than age-matched NP offspring ([Fig 4A--4C](#pone.0179499.g004){ref-type="fig"}). NK~1~R expression was significantly different in the nucleus, only in the intermediate (I) neurons of the LP offspring (p = 0.0002). On the other hand, NK~1~R expression was significantly higher in the cytosol of all LP subpopulation neurons ([Fig 5](#pone.0179499.g005){ref-type="fig"}; p \< 0.0023). Conversely, SP and CGRP immunoreactivity in the DRG neurons of LP rats was significantly lower than NP offspring ([Fig 4D--4I](#pone.0179499.g004){ref-type="fig"}). SP was strongly and homogeneously expressed throughout the cell. In LP rats, SP immunoreactivity was reduced in the nucleus and cytosol of S and I neurons (p = 0.0001) when compared with age-matched NP offspring. CGRP neuronal immunoreactivity was reduced in the nucleus and cytosol of DRG cells in LP rats compared with NP rats ([Fig 5](#pone.0179499.g005){ref-type="fig"}; p = 0.0001). Quantification of cell size in five random sections of T13 DRGs revealed that the percentage of intermediate and large cells did not vary significantly between NP and LP offspring, but the number of small DRG cells was lower in LP offspring (LP: 17.1 ± 2.8% *vs*. age-matched NP: 27.7 ± 2.6%, n = 15 for each group, p = 0.001) ([Fig 6](#pone.0179499.g006){ref-type="fig"}). Additionally, SP immunoreactivity in the renal pelvis of LP offspring was similar to the NP group (A, B, and C), but CGRP immunoreactivity was significantly higher in NP (D, E, and F) than age-matched LP rats ([Fig 7](#pone.0179499.g007){ref-type="fig"}).

![CLSM images and graphics showing the immunoreactivity for NK~1~R, SP, and CGRP in T13 DRG cells.\
The images show small (S), intermediate (I) and large (L) neurons surrounded by satellite cells. The receptor and neurokinins are present in both nuclear and cytosolic compartments. NK~1~R immunoreactivity was enhanced in LP (B) compared with NP (A) as shown by the histogram of quantification (C). Conversely, SP and CGRP expression was reduced in LP (E and H, respectively) compared with NP (D and G) rats. The statistical significance can be viewed in F and I. The data are reported as the means ± scatter dot plot; n = 15 animals for each group; \*P ≤ 0.05 vs. NP offspring (Student's t-test).](pone.0179499.g004){#pone.0179499.g004}

![Comparative statistical analysis of NK~1~R, SP, and CGRP expression in the nucleus and cytoplasm.\
The graphical representation depicts immunoreactivity in the cytosol and nucleus from small (S), intermediate (I) and large (L) neurons of T13 DRG from LP and NP rats. The data are reported as the means ± scatter dot plot; n = 15 animals for each group; \*P ≤ 0.05 vs. NP offspring (Student's t-test).](pone.0179499.g005){#pone.0179499.g005}

![Percentage of DRG cell subpopulations: small (S), intermediate (I) and large (L) neurons expressing NK~1~R, SP, and CGRP in serial 7 μm thick ganglia sections.\
The data are reported as means ± SD. \*P ≤ 0.05 vs. NP offspring (Student's t-test).](pone.0179499.g006){#pone.0179499.g006}

![Comparative expression of SP and CGRP in the renal pelvis of 16-week-old rats.\
The pictures show a normal distribution of these neurokinins in NP (A and D). In LP offspring, no difference was observed in SP immunoreactivity (A, B, and C), but CGRP immunoreactivity was significantly more intense in NP (D, E, and F) compared with age-matched LP offspring. The data are reported as means ± SD. \*P ≤ 0.05 vs. NP offspring (Student's t-test).](pone.0179499.g007){#pone.0179499.g007}

Catecholamine quantification {#sec019}
----------------------------

As shown in [Table 2](#pone.0179499.t002){ref-type="table"}, the plasma concentrations of NE (p = 0.0012), EPI (p = 0.0138) and DA (p = 0.0012) levels were higher in the LP than in the NP rats. In addition, the kidney NE levels was higher in LP than observed in NP rats (p = 0.0408). The effective renal denervation was confirmed by decreased renal NE concentration in both NP and LP denervated offspring when compared to sham-operated kidneys, (P \< 0.0001).

10.1371/journal.pone.0179499.t002

###### Plasma catecholamine quantification in controls (NP) and gestational low-protein (LP) offspring and, kidney tissue of bilateral renal denervated (DNx) groups compared to appropriate controls.

![](pone.0179499.t002){#pone.0179499.t002g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *Groups/Catecholamines*                                   *Norepinephrine*                                     *Epinephrine*                                        *Dopamine*\
  --------------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------
  ***NP (plasma*, *in pg/ml)***                             128.0 ± 15.0                                         116.5 ± 32.8                                         132.0 ± 14.4

  ***LP (plasma*,* in pg/ml)***                             275.0 ± 61.7[^a^](#t002fn002){ref-type="table-fn"}   169.4 ± 29.3[^a^](#t002fn002){ref-type="table-fn"}   177.3 ± 18.1[^a^](#t002fn002){ref-type="table-fn"}

  ***NP (kidney*, *in μg/g of tissue)***                    223.1 ± 51.2                                         \-                                                   \-

  ***NP***~***DNx***~*** (kidney*, *in μg/g of tissue)***   61.3 ± 41.2[^b^](#t002fn003){ref-type="table-fn"}    \-                                                   \-

  ***LP (kidney*, *in μg/g of tissue)***                    298.4 ± 67.3[^b^](#t002fn003){ref-type="table-fn"}   \-                                                   \-

  ***LP***~***DNx***~*** (kidney*, *in μg/g of tissue)***   84.3 ± 28.7[^c^](#t002fn004){ref-type="table-fn"}    \-                                                   \-
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The data are reported as the means ± SD of *n* = 5 animals for each group. To plasma catecholamine levels analysis

^a^ *vs*. *NP* to *P* ≤ 0.001 (Student-t test); To kidney catecholamine concentrations analysis

^b^ *vs*. *NP* to *P* ≤ 0.05

^c^ *vs*. NP~DNx~ to P ≤ 0.05; (ANOVA with Bonferroni's contrast test).

Discussion {#sec020}
==========

Environmental and genetic factors influence organ development, potentially leading to abnormal functional and structural effects in tissues and organs. Gestational protein restriction is associated with low birthweight and increased risk for the development of cardiovascular diseases, kidney dysfunction and metabolic syndrome in adult life \[[@pone.0179499.ref001]--[@pone.0179499.ref007]\]. The current study sustains a pathophysiological association between renal nerve activity, decreased renal sodium excretion, and enhanced blood pressure in maternal protein-deprived offspring model. The present data also confirmed that there was a significant reduction in the birthweight of LP male offspring compared with NP offspring \[[@pone.0179499.ref003]--[@pone.0179499.ref007]\]. This effect has been linked with a significant enhancement in arterial blood pressure beyond 7 weeks of age in LP rats relative to age-matched NP counterparts. Furthermore, the immunohistochemistry analyses demonstrated an increased expression of NK~1~ receptors and a reduced expression of the neurokinins SP and CGRP in the T13 DRGs of 16-week-old LP rats compared with NP rats. The renal pelvis of LP rats did not strongly express CGRP when compared with NP rats, whereas no change was observed in SP immunostaining.

Our results agree with previous studies, which demonstrated a marked and sustained rise in arterial blood pressure that was associated with a decreased urinary sodium excretion in LP offspring \[[@pone.0179499.ref003]--[@pone.0179499.ref007]\]. Thus, we hypothesized that offspring hypertension induced by maternal low-protein intake is associated, at least in part, with changes in renal neural activity and, consequently, in the renal sodium excretion. In addition, maternal low-protein intake reduced urinary sodium excretion by decreasing post-proximal tubule sodium rejection, although the creatinine clearance was not changed and sodium was normally filtered. The decreased renal potassium excretion observed in LP offspring when compared to age-matched NP group, suggest that the striking tubular sodium reabsorption in LP offspring occurs before distal nephron segment. However, the precise mechanism underlying the chronic arterial hypertension in offspring induced by maternal low-protein intake has not been clearly identified. Arterial pressure is thought to be controlled by the renal-mediated regulation of fluid and electrolytes. Experimental studies support the hypothesis that fetal programming is correlated with dysregulation of sodium transporters in different segments of nephron \[[@pone.0179499.ref037]--[@pone.0179499.ref039]\]. These alterations lead to a lower rate of urinary sodium excretion and sodium retention. However, which nephron segments and sodium transporters are affected by fetal programming remains unclear. To the best of our knowledge, the present findings demonstrate for the first time that bilateral renal denervation markedly attenuates the increase in arterial pressure and increased tubular sodium excretion in LP offspring. The enhanced urinary sodium excretion in LP~DNx~ offspring was associated to a reduction in proximal tubular sodium reabsorption that is incompletely, compensated by distal nephron segments. This increase urinary sodium excretion suggest an indirect but close relationship between enhanced renal nerve activity and attenuated sodium excretion in the development of hypertension in LP offspring. By the way, the progressive rises in arterial pressure in 16-wk old LP~DNx~ offspring may be related to kidney reinnervation \[[@pone.0179499.ref040],[@pone.0179499.ref041]\].

The influence of the sympathetic nervous system (SNS) on renal function during development has not been well investigated in gestational protein-restricted model. Mizuno et al (2013) \[[@pone.0179499.ref042]\] proposed that increased blood pressure in protein-restricted offspring, in response to physical stress, would be associated with an increased renal sympathetic nerve activity (SNA) indicating a role for an increase in renal SNA in the developmental programming of increased blood pressure in this hypertensive model. Alexander and colleagues (2005), in placental insufficiency rat model, demonstrated that increased arterial pressure is abolished by bilateral renal denervation at 3 months of age in male offspring, and at 1-year old female offspring. These authors suggest that activation of the renal nerves is established in utero in male offspring, whereas an additional stimulus such as increased leptin plasma level in female intrauterine growth restriction offspring, may serve as a secondary stimulus demonstrating sex-specific programming of increased blood pressure \[[@pone.0179499.ref043]--[@pone.0179499.ref045]\]. Results of many studies have suggested that the SNS modulates renal function to influence the pathogenesis of hypertension. Electrical stimulation of the renal nerves in acute or chronic experiments enhances sodium reabsorption, particularly in the proximal convoluted tubule \[[@pone.0179499.ref046]\]. Additionally, electrical stimulation of the renal nerves at low frequency or intrarenal infusion of norepinephrine causes hypertension \[[@pone.0179499.ref047],[@pone.0179499.ref048]\] by increasing sodium reabsorption in the proximal tubule and the loop of Henle. These effects are independent of changes in renal hemodynamics \[[@pone.0179499.ref046],[@pone.0179499.ref049]\]. Taken together with previous findings \[[@pone.0179499.ref010],[@pone.0179499.ref025],[@pone.0179499.ref028],[@pone.0179499.ref030],[@pone.0179499.ref050],[@pone.0179499.ref051]\], the current study demonstrated that bilateral renal denervation delays the development of arterial hypertension associated with reduced sodium reabsorption by the proximal and/or post-proximal tubule segments in this particular experimental model of developmental programming.

Although the rationale for renal denervation has generally been to interrupt sympathetic (efferent) nerve activity directed to the kidney, denervation of the renal plexus also deprives the kidney of its sensory innervation. Selective renal afferent nerves may have markedly widespread effects on the renorenal sympathetic reflexes and urinary sodium excretion \[[@pone.0179499.ref010],[@pone.0179499.ref015],[@pone.0179499.ref025],[@pone.0179499.ref027]\]. Previous studies \[[@pone.0179499.ref010],[@pone.0179499.ref025],[@pone.0179499.ref027]\] have shown that increasing the renal pelvic pressure increased the release of SP and CGRP from the ipsilateral renal pelvis, contralateral urinary sodium excretion, and ipsilateral ARNA in rats. Additionally, studies \[[@pone.0179499.ref010],[@pone.0179499.ref015],[@pone.0179499.ref025],[@pone.0179499.ref027]\] from normotensive rats demonstrated that SP and CGRP elicit a similar renorenal reflex response, including an increase in renal pelvic pressure. Moreover, treatment with SP and h-CGRP8--37 receptor antagonists or capsaicin, which depletes sensory neurons of SP, blocked the ARNA response, which increased renal pelvic pressure \[[@pone.0179499.ref010],[@pone.0179499.ref015],[@pone.0179499.ref025],[@pone.0179499.ref027]\]. However, Kopp et al. \[[@pone.0179499.ref015]\] have demonstrated that increasing the renal pelvic pressure or pelvic administration of SP in spontaneously hypertensive rats failed to increase ARNA and did not elicit a contralateral renorenal reflex in these rats. The results of the current study show decreased SP and CGRP expression in T13 DRG cells in adult LP offspring compared with age-matched NP rats. In addition, NK~1~R immunoreactivity was significantly increased in the DRG cytosol and nucleus of 16-week-old LP offspring. NK~1~R is widely distributed in various tissues and organs and the high expression of NK~1~R in the sensory nervous system suggests that it plays an important role in regulating neuronal SP and CGRP synthesis. Although we have demonstrated that NK~1~R expression is increased in the DRG of LP offspring, little is known about the signaling pathways that regulate the NK~1~ receptor gene. Since the promoter region of the NK~1~ receptor gene contains a cAMP response element, we hypothesize that the decreased levels of SP and CGRP in DRG nuclei regulate the expression of NK~1~ receptors via a pathway involving activation of the transcription factor cAMP response element binding protein. Our findings that NK~1~R immunoreactivity is increased in DRG neurons may reflect a reduced synthesis of DRG neurokinins and explain a possible blunted renal sensory receptor activity in LP offspring. However, we cannot exclude the possibility that antinatriuresis observed in LP offspring could be associated with impaired neural responses to renal sensory receptor stimulation and defects in SP receptor-membrane (NK~1~) coupling mechanisms.

The present report showed higher renal and plasma catecholamine levels in LP offspring ([Table 2](#pone.0179499.t002){ref-type="table"}) when compared to age-matched NP rats. In addition, as demonstrated in previous study \[[@pone.0179499.ref045]\], the bilateral renal denervation reduced kidney catecholamine concentrations in both NP and LP groups, though the decreased arterial blood pressure was observed only in growth-restricted offspring relative to renal denervated control rats. Previous studies have showed that arterial hypertension associated to renal nerve hyperactivity may involve alterations in tubular sodium reabsorption, arteriolar resistance and renin release \[[@pone.0179499.ref008],[@pone.0179499.ref014],[@pone.0179499.ref028],[@pone.0179499.ref046],[@pone.0179499.ref049]\]. Taking in account the current and previous studies, we may suggest a hyperactive state in the peripheral sympathetic nervous system, including to the kidneys, at least in part, caused by reduced afferent renal activity in LP offspring in adult life.

The current study has demonstrated a unimodal subpopulation distribution of SP and CGRP in NP and LP offspring, which skewed towards intermediate and large diameter cells. This skewed distribution and differences in subcellular staining showed that DRG neurons consist of various subpopulations. Significantly fewer small neurons were SP- and CGRP-positive in LP offspring compared with the NP group. On the other hand, more intermediate and large neurons were observed in NP and LP offspring. The percentage of SP- and CGRP-positive cells did not vary significantly between different DRG subpopulations in LP and NP rats. The precise relationship between primary afferent function and the neurochemical characterization of DRGs is still unclear. However, primary afferents of small and intermediate DRG neurons are important for the transmission of nociceptive, chemo, and mechanoreceptor information from the periphery to the CNS. They consist, respectively, of unmyelinated (*C*-conduction velocity) and thinly myelinated (*Aδ*-conduction velocity) fibers, which arise from a population of cells in the sensory ganglia \[[@pone.0179499.ref033],[@pone.0179499.ref034]\]. Our results provide evidence that distinct sensory neuronal populations have different functions, which may involve a differential number (small number of unmyelinated and thinly myelinated neuron cells) and expression of neurotransmitters in response to afferent renal stimuli in LP offspring. Based on our findings, we assume the hypothesis that an impaired renorenal reflex activity in LP offspring may be associated with a decreased expression of SP and CGRP in DRG neurons, increasing the renal retention of sodium. Defects in the level of SP receptors have been reported in non-neural vascular tissue and axonal membrane of hypertensive subjects \[[@pone.0179499.ref052],[@pone.0179499.ref053]\]. In addition, an increased pain threshold associated with a reduction of CNS SP levels has been reported in hypertensive men and rats \[[@pone.0179499.ref051]--[@pone.0179499.ref055]\]. Based on these observations, we suggest that the impaired response to natriuresis associated with hypertension in LP rats is partly related to a defect in SP and CGRP synthesis and release by renal sensory neurons.

Our findings raise the possibility of an impaired responsiveness of renal sensory receptors in maternal protein-restricted offspring is related to altered distribution of neurokinins and their receptors in DRG neurons and, consequently, decreased concentration of SP in the renal pelvis. In conclusion, although the precise mechanism for enhanced sodium retention in LP rats is still unclear, the current data suggested that changes in renal nerve activity and DRG neurokinin expression are conducive to excessive hydroelectrolytic tubule reabsorption, which might potentiate hypertension in LP offspring. These observations may provide a fresh framework for understanding the pathophysiology of impaired tubular sodium handling associated with the development of arterial hypertension in this programmed model.
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